INTRODUCTION
Synapse development and function form the basis of many neuronal processes, including formation and function of neural circuits, the ability to learn, and the ability to store and recall memories. Thus, elucidating the mechanisms by which synapses develop and are modified is a central question in neurobiology. Over the past few decades, a number of factors have been identified that play major roles in synapse morphogenesis and synaptic plasticity. Among these, trans-synaptic cell adhesion and signaling molecules that mediate the interactions between pre-and postsynaptic membranes stand out. They are thought to mediate target recognition, induce pre-and postsynaptic specializations and their alignment during synaptogenesis, maintain the integrity of synapses, and regulate synaptic assembly and disassembly during synaptic development and remodeling (Gerrow and ElHusseini, 2006; Scheiffele, 2003; Yamagata et al., 2003) . In particular, neurexins and their postsynaptic binding partners the neuroligins are emerging as key synapseorganizing molecules.
Neurexins were first identified as primary receptors for a-latrotoxin, a neurotoxin that triggers massive neurotransmitter release (Ushkaryov et al., 1992) . There are three neurexin genes in mammals, each of which has two promoters generating a-and b-neurexins. Neurexins are subject to extensive alternative splicing, generating a large number of variants, which may mediate target recognition and synaptic specificity (Missler and Sudhof, 1998; Rowen et al., 2002; Tabuchi and Sudhof, 2002) . Recent studies on the functional significance of a small subset of neurexin splicing variants support this idea (Comoletti et al., 2006; Chih et al., 2006; Graf et al., 2006) . The extracellular region of neurexins binds to neuroligins (Ichtchenko et al., 1995; Boucard et al., 2005) and dystroglycan (Sugita et al., 2001) . Neuroligins are localized to postsynaptic densities (PSDs) (Song et al., 1999) and associated with neurotransmitter receptors by interaction with scaffolding proteins (Irie et al., 1997; Meyer et al., 2004) . Intracellularly, neurexins interact with the synaptic vesicle protein synaptotagmin (Hata et al., 1993) and PDZ domain proteins CASK (Hata et al., 1996) and Mints (Biederer and Sudhof, 2000) , which are linked to the synaptic vesicle exocytosis machinery (Atasoy et al., 2007; Ho et al., 2003) . Thus, the trans-synaptic interaction between neurexin and neuroligin may bridge the synaptic cleft aligning the presynaptic neurotransmitter release machinery with postsynaptic densities. Important findings from cell culture studies indicate that neurexins and neuroligins could act bidirectionally to induce pre-and postsynaptic assembly, thus controlling synapse formation (Scheiffele et al., 2000; Graf et al., 2004; Dean et al., 2003; Nam and Chen, 2005; Chih et al., 2005; Prange et al., 2004; Levinson et al., 2005; Fu et al., 2003) . Interestingly, phenotypic analyses of a-neurexin triple-knockout mice suggest that aneurexins are required for neurotransmitter release but are dispensable for synapse formation (Missler et al., 2003; Zhang et al., 2005) . Thus, despite the expanding evidence indicating that neurexins may act as synaptic recognition and organizer molecules in synapse development and function, the complexity and redundancy of neurexin genes in mammals pose a tremendous difficulty in understanding their function in vivo.
A potential strategy to resolve these issues is to use simpler model systems, such as the fruit fly, to investigate the in vivo function of neurexins. Unfortunately, the first neurexin-related gene isolated in Drosophila, neurexin IV (nrx IV), is primarily expressed in epithelial and glial cells, where it is required for the organization and function of septate junctions (Baumgartner et al., 1996; Banerjee et al., 2006; Faivre-Sarrailh et al., 2004) . NRX IV has an identical domain structure to contactin-associated protein 1 (Caspr1), a member of the Caspr family, which is distantly related to the neurexin family and mediates neuron-glia interactions (Bellen et al., 1998; Bhat et al., 2001; Peles et al., 1997; Poliak et al., 1999) . A major breakthrough, however, came about upon the near completion of the Drosophila genome project (Adams et al., 2000) , which led to the identification of a single gene with striking conservation with mammalian neurexins, resurrecting the initial idea of using the Drosophila system to understand neurexin function at synapses.
Here, we report the isolation of Drosophila neurexin (dnrx) null mutants and the characterization of its function during synapse development. Our results demonstrate that dnrx plays a critical role in the cytoarchitecture of synapses and during synapse development and function. These studies provide a better understanding of neurexin function in an intact organism and offer a strong basis for the interpretation of observations at mammalian central synapses.
RESULTS

DNRX Is the Single Drosophila Homolog of Vertebrate Neurexins
To identify a neurexin homolog in Drosophila, the rat neurexin 1a cDNA sequence (Ushkaryov et al., 1992) was blasted against the Drosophila genomic and EST databases. We identified an EST (LP03809) with significant homology to the C-terminal sequences of vertebrate neurexins. This EST was subsequently used to screen a 0-20 hr old embryonic cDNA library to obtain a fulllength dnrx cDNA (GenBank number EF460788). In contrast to the presence of three neurexin genes in mammals, our genome-wide search revealed only a single neurexin gene (CG7050) in Drosophila (also reported by Tabuchi and Sudhof, 2002; Zeng et al., 2007) , which we named Drosophila neurexin (dnrx). The DNRX protein has an identical domain structural organization to mammalian a-neurexins ( Figure 1A) . The large extracellular region consists of an N-terminal signal peptide and three LamG-EGF-LamG repeats. Although the cytoplasmic region of DNRX is longer than the mammalian counterparts, the PDZ binding motif at the C terminus is highly conserved ( Figure 1C) . Overall, DNRX is 36%-37% identical to human a-neurexins and shares high amino acid sequence identity with mammalian neurexins within each individual protein domain ( Figure 1A) .
Previously, the Drosophila gene nrx IV was identified and proposed to belong to the neurexin family (Baumgartner et al., 1996) . However, the domain arrangement of NRX IV differs from that of classical neurexins ( Figure 1A) . Furthermore, our phylogenetic analysis shows that DNRX is the closest homolog of vertebrate neurexins, whereas NRX IV is only distantly related to neurexins ( Figure 1B ).
DNRX Is Expressed in Central Neurons and Concentrated at Active Zones of Glutamatergic Neuromuscular Junctions
To determine where DNRX function might be required during development, we performed in situ hybridization to examine dnrx expression during embryonic stages. In situ hybridization using two independent RNA probes revealed that dnrx expression was enriched in central neurons (Figures 2A and 2B ) but undetectable in muscle cells ( Figure 2C ). dnrx mRNA first appeared in subsets of central neurons at late stage 14, when axon pathfinding is nearly complete and the differentiation of presynaptic terminals is about to begin. This expression reached its highest levels at stages 16 and 17, when a larger number of neurons in the brain and ventral nerve cord expressed dnrx at elevated levels (Figures 2A and 2B ). Low levels of dnrx expression could also be detected in small subsets of peripheral nervous system neurons.
The subcellular localization of DNRX was determined by immunocytochemical analysis using an affinity-purified polyclonal antibody generated against the cytoplasmic region of DNRX. In embryos, DNRX was concentrated in neuropil regions of the brain and ventral nerve cord, axon tracts of the ventral nerve cord, and motor axons ( Figures 2D and 2E ). The immunoreactivity was absent in homozygous embryos of Df(3R)5C1, which uncovers the dnrx gene, demonstrating the specificity of the DNRX antibody ( Figure 2F ). A similar DNRX distribution was observed in third-instar larvae (data not shown). In addition, DNRX was present at the glutamatergic type I boutons of the larval body wall muscles. This was confirmed by double staining with an antibody against the scaffolding protein discs-large (DLG) (Figures 2G-G 00 ), which labels type I boutons, but not other bouton types ( Figure 2G 0 ; Lahey et al., 1994) . Confocal microscopy analysis revealed that within synaptic boutons DNRX immunoreactivity did not have a uniform distribution, but displayed discontinuous patches ( Figures 2G-2K ). To define the precise subcellular localization of DNRX in these patches, we used a number of synaptic markers. A presynaptic marker, bruchpilot (BRP; Wagh et al., 2006; Kittel et al., 2006) , is thought to label at least one component of the active zone, the T bar (see below). Bright DNRX patches were juxtaposed and slightly overlapped with almost every BRP spot, as revealed by examining the labels in thin consecutive confocal slices ( Figures 2H-2H 00 , arrows and insets). In addition, DNRX appeared to surround BRP immunoreactivity. Notably, the postsynaptic density (PSD) marker Drosophila p21-activated kinase (DPAK; Sone et al., 2000) also appeared juxtaposed to DNRX patches, but in contrast to BRP, minimal overlap between the labels was observed ( Figures 2I-2I 00 , arrows and insets). We next double labeled NMJ preparation with DNRX and the so-called periactive zone markers, such as the SH3 adaptor protein nervous wreck (NWK) (Coyle et al., 2004) and the cell adhesion molecule fasciclin II (FASII) (Sone et al., 2000) . In general, DNRX showed no overlap with NWK, although occasionally colocalization between less intense DNRX regions and NWK immunoreactive regions was observed ( Figure 2J ). In the case of FasII, there are significant regions of nonoverlap, with some regions displaying partial overlap ( Figure 2K ). Thus, DNRX appears to be concentrated at active zones but also extends into periactive zones.
Genetic Analysis of dnrx
To determine the role of DNRX in synaptic development and function, we generated dnrx null mutants. The dnrx gene is predicted to comprise 13 exons and 12 introns, spanning $13.4 kb. To disrupt the dnrx locus, we carried out an excision screen with a P element (XPd08766) located $200 base pairs upstream of dnrx, which led to the isolation of two dnrx mutant alleles, dnrx 273 and dnrx 241 ( Figure 3A ). The break points of the deletions were molecularly determined by PCR and sequence analysis. The dnrx 273 allele had an $8 kb deletion within the dnrx locus, which removed most of the coding sequence for the extracellular region of DNRX, from the start codon to the fourth LamG domain. dnrx 241 uncovered the entire dnrx gene and the upstream region of an adjacent transcription unit ( Figure 3A ). Western blot analysis with the DNRX C terminus specific antibody showed that an $200 kDa DNRX band in wild-type was absent in dnrx 273 /Df(3R)5C1, and there was no detectable truncated protein in dnrx mutants ( Figure 3B ). Immunostaining with this antibody also showed no detectable protein in homozygous mutant embryos (data not shown) and NMJs 0 ) from both dnrx alleles, confirming that dnrx 273 and dnrx 241 are null alleles. In this study, the . A precise excision of the P element and a wild-type strain were used as controls.
dnrx Mutants Display Decreased Locomotor Activity and Abnormal NMJs a-neurexin triple-knockout mice and most double-knockout mutants die prematurely due to respiratory problems (Missler et al., 2003; Zhang et al., 2005) . In contrast, 10% of the dnrx 273 /Df(3R)5C1 progeny died at pupal stages while the remaining progeny survived to adulthood and were fertile. This partial lethality was rescued by expressing a dnrx full-length cDNA in neurons using the C380-Gal4 driver (Budnik et al., 1996) . dnrx mutants exhibited severely impaired behavior in larval stages, being uncoordinated and sluggish. mutants entered less than two grids ( Figure 3D ). This phenotype was completely rescued by expressing DNRX in neurons using the C380-Gal4 driver ( Figure 3D ). Thus, decreased locomotor activity is due to dnrx lossof-function in neurons. Given that DNRX is localized at larval NMJs, we reasoned that abnormal development and function of NMJs might be responsible for the behavioral deficits. Compared to controls (Figures 4A and 4E) , dnrx mutants ( Figure 4B , 4C, 4F, and 4G) had shortened axon branches with fewer boutons. In addition, mutant NMJ branches often contained long intervening axon stretches devoid of synaptic boutons. Further quantification revealed that dnrx mutants had a 40%-60% decrease in bouton number ( Figures 4I and 4J) . As with the behavioral anti-BRP, showing that bright DNRX spots are juxtaposed and slightly colocalized with BRP spots (given that DNRX spots were associated to one side of BRP spots, such juxtaposition could not be seen in every slice, but could be verified in a sequence of single slices), and (I-I 00 ) anti-DNRX and anti-DPAK, showing that DPAK and DNRX largely do not colocalize. Columns to the right side of (H)-(I 00 ) are high-magnification views of BRP-DNRX or DPAK-DNRX spots indicated in the low-magnification panels by arrows.
(J-J 00 ) Single confocal scan of synaptic boutons double stained for DNRX and NWK, which localizes to the periactive zone of presynaptic terminals,
shows that DNRX and NWK localize to distinct areas and do not display any significant overlap.
(K-K 00 ) Single confocal scan of synaptic boutons double stained for DNRX and FAS II, a cell adhesion molecule defines the periactive zone of pre-and postsynaptic membrane, shows that most of DNRX staining regions do not overlap with that of FAS II. Scale bars, 15 mm (G 00 ), 5 mm (K 00 ).
744 Neuron 55, 741-755, September 6, 2007 ª2007 Elsevier Inc.
Neuron abnormalities, the reduced bouton number was fully rescued by expression of the UAS-dnrx transgene in neurons ( Figures 4D, 4H , 4I, and 4J). Taken together, these results suggest that DNRX is required for proper proliferation of synaptic boutons during larval development, which is necessary for coordinated matching of pre-and postsynaptic compartments during this period of intense growth (Griffith and Budnik, 2006) . In addition to synaptic regions, DNRX is localized to axons as well. Therefore, we also investigated whether axon guidance and pathfinding were altered in dnrx mutants. The specificity of axon pathfinding was examined by immunostaining with BP102 and FASII antibodies, which stain all CNS axons and both a subset of CNS axonal fascicles and peripheral motor axons, respectively. No apparent defects were observed in both CNS axonal pathways and muscle innervation patterns in dnrx mutants (data not shown).
Neuronal Expression of DNRX Promotes Proliferation of Synaptic Boutons
Studies in cell culture have indicated that neurexins and their postsynaptic binding partners, the neuroligins, induce synapse formation (Graf et al., 2004; Chih et al., 2005; Scheiffele et al., 2000; Dean et al., 2003) . Therefore, we asked whether dnrx could similarly induce the formation of new synaptic boutons. Expression of a full-length dnrx transgene in wild-type background, using two different neuron-specific Gal4 drivers, the pan-neural driver elav (Lin and Goodman, 1994) and neural driver C380, significantly enhanced the formation of synaptic boutons ( Figure 5C , compare with Figures 5A and 5B). Increasing dnrx gene dosage in all neurons by one copy resulted in over a 30% increase in the number of synaptic boutons, while increasing it by two copies resulted in more than 40% enhancement ( Figure 5D ). A similar trend was observed by using C380-Gal4 ( Figure 5D ).
Recent studies on murine central synapses suggest that postsynaptic neurexins affect glutamate receptor function and may also inhibit neuroligin function via cis interaction with neuroligins on the postsynaptic membrane (Kattenstroth et al., 2004; Taniguchi et al., 2007) . To explore the potential functional relevance of DNRX in the postsynaptic compartment at NMJs, we examined whether muscle expression of DNRX had any effect on synaptic growth. Compared to genetic background matched controls, expression of either one or two copies of a dnrx transgene in muscle cells, using the C57 Gal4 driver (Budnik et al., 1996) , did not result in any significant change in bouton number ( Figure 5E ). Taken together, the DNRX loss-and gain-of-function analyses demonstrate that DNRX is necessary to promote the proliferation of synaptic boutons and further suggest that for this function DNRX is required in the pre-but not in the postsynaptic compartment.
DNRX Is Required for Pre-and Postsynaptic Differentiation
We also explored whether the expression and localization of synaptic proteins were affected in dnrx mutants. The abundance and localization of periactive zone proteins, Neuron such as the cell adhesion molecule FASII, the cytoskeleton adaptor protein NWK, and the endocytotic protein Dap160 (Roos and Kelly, 1999; Koh et al., 2004; Marie et al., 2004) , appeared unchanged in dnrx mutants (see Figure S1 in the Supplemental Data available with this article online). Several other synaptic proteins, including the scaffolding PDZ protein DLG and the microtubulebinding protein Futsch Hummel et al., 2000) , also appeared unaffected in dnrx mutants (data not shown). However, profound abnormalities in the distribution of synaptic vesicle and active zone proteins, as well as glutamate receptor (GluR) clusters, were observed in dnrx mutant NMJs. In wild-type, synaptotagmin (Syt), a synaptic vesicle protein, is efficiently transported to presynaptic terminals; therefore, it is seldom observed within motor axons ( Figures 6A-6A 0 and 6D; Littleton et al., 1993; ) . In dnrx mutants, however, intense punctate Syt staining was often observed in motor axons ( Figures 6B-6B 0 and 6D). Similarly, the active zone protein BRP, which is rarely seen in wild-type axons, was also mislocalized to mutant axons ( Figures 6C-C 00 ). Notably, BRP immunoreactivity colocalized with Syt at these accumulations along the motor axons, suggesting that DNRX is involved in the proper recruitment, localization, or transport of key synaptic components during presynaptic differentiation.
At mammalian synapses it has been hypothesized that neurexins are required for the alignment of pre-and postsynaptic compartments (Graf et al., 2004; Yamagata et al., 2003) . Therefore, we next examined whether pre-and postsynaptic apposition was affected in dnrx mutants by double labeling synaptic boutons with the presynaptic active zone marker BRP and the PSD markers DPAK and GluRIII (Marrus et al., 2004) Figure S2 ). Taken together, these results suggest that although the juxtaposition of pre-and postsynaptic components is not altered at least at the lightmicroscopic level, the distribution of PSD proteins is affected in dnrx mutants. Figure 7A ). At the presynaptic membrane, active zones are composed of regulatory electron-dense structures, the T bars (arrow in Figures 7A and 7C ) containing BRP/CAST (Kittel et al., 2006; Wagh et al., 2006) , and the presynaptic densities (PRDs), the likely sites for synaptic vesicle fusion ( Figure 7C ). The PRDs are exactly juxtaposed to PSDs (between arrowheads in Figures 7C and 7E ), which contain GluRs in high-density clusters (Prokop and Meinertzhagen, 2006) . Separating both membranes is the synaptic cleft, which has a uniform size and is filled with material that differs in electron density and structure from the rest of the bouton extracellular space ( Figures 7A, 7C , and 7E). Several features of the active zones and PSDs were altered in dnrx/Df mutants. PRDs and apposed PSDs were over 60% longer in the mutants compared to controls ( Figures 7D and 7G ). This is in agreement with the light-microscopic studies showing that DPAK and GluR clusters were increased in size in dnrx mutants. In addition, the number of T bars per bouton was increased by more than 2-fold ( Figures 7B and 7G ). Most strikingly, the PRD showed signs of detachment from the PSD, a phenotype that is rarely seen in wild-type ( Figures 7D,  7F , and 7G). In these dnrx mutant synapses, PRDs showed bleb-like invaginations at several points, and at these sites the typical electron density of PRDs was lost ( Figure 7F) . The material at the synaptic cleft also appeared altered, but no defects were observed at the corresponding sites of the PSDs ( Figure 7F ). Thus, in dnrx mutants, synapses within synaptic boutons are dramatically altered, showing sites of presynaptic membrane detachment, abnormally long active zones, and increased number of T bars. The increase in the number of T bars and the aberrant detachment of PRD were completely or almost completely rescued by expressing a dnrx transgene in the mutant background, respectively ( Figure 7G ). However, the increased length of the active zones was only partially rescued by the transgene, suggesting that this phenotype might be highly sensitive to DNRX dosage. Our ultrastructural analysis of dnrx mutant synaptic boutons provides direct in vivo evidence supporting the model that neurexins are involved in adhesion between the pre-and the postsynaptic cells. To assess the functional consequences of the reduced bouton number, the enlarged GluR clusters, the increase in the size of active zones and PSDs, and the abnormal detachments of PRDs, we carried out an electrophysiological analysis of NMJs (Figure 8 ). For these experiments, the amplitude of spontaneous miniature excitatory potentials (mEJPs) was measured by intracellular recordings of muscles at low Ca 2+ concentrations. In addition, the amplitude and kinetics of evoked excitatory potentials (EJPs) were measured by stimulating the segmental nerve containing the motor axons. Several defects were observed in dnrx mutants. Evoked synaptic transmission was reduced, as manifested by a small but significant decrease in the amplitude of EJPs. In addition, the frequency and amplitude of mEJPs was dramatically increased, suggesting both a pre-and a postsynaptic defect. Overall, quantal content was reduced, indicating defective synaptic transmission. The defect in EJP amplitude was completely rescued by expressing a dnrx transgene in neurons using C380-Gal4 or ubiquitously using T80-Gal4. However, no rescue of the mEJP amplitude or frequency was observed, consistent with the ultrastructural studies, in which the size of the active zones and PSDs was only partially rescued by the dnrx transgene. This partial rescue is not surprising given that neuronal expression of a dnrx transgene in wild-type background also has deleterious effects on quantal content. It is notable that the functional abnormalities were observed in homozygous dnrx 273 mutants, dnrx 273 
/dnrx
241 combinations, as well as dnrx over a deficiency chromosome. Thus, they are unlikely to result from any genetic background effects.
Mutations in dnrx Have Abnormal Calcium Sensitivity without Altering the Distribution of Presynaptic Calcium Channels
Studies in mammals have suggested that neurexins are involved in coupling Ca 2+ channels to synaptic vesicle exocytosis apparatus (Missler et al., 2003) . Therefore, we next examined whether the Ca 2+ sensitivity of neurotransmitter (E-F 00 ) Synaptic boutons of wild-type (E-E 00 ) and dnrx mutant (F-F 00 ) double stained for BRP (red) and DPAK (green), which labels the pre-and postsynaptic active zone, respectively. The pre-and postsynaptic alignment appears grossly unaffected in dnrx mutants. However, the distribution of DPAK within synaptic boutons is increased in dnrx mutant.
(G-H 00 ) Synaptic boutons of wild-type (G-G 00 ) and dnrx mutant (H-H 00 ) double stained for BRP (green) and GluRIII (red). The apposition of GluRIII and BRP staining appears normal in dnrx mutants. However, the distribution of GluRIII cluster is enlarged in dnrx mutants. Scale bar, 15 mm (B 0 and C 00 ), 5 mm (H).
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Neuron release could be altered in dnrx mutants. For these experiments, the amplitude of evoked responses was measured at three Ca 2+ concentrations: 0.5, 0.75, and 1 mM. As previously described, there was a significant decrease in EJP amplitude in dnrx mutants at 0.5 mM Ca 2+ . Surprisingly, however, this defect was completely restored when recordings were performed at 1 mM Ca 2+ ( Figure 8D ). The change in the slope of Ca 2+ dependency of release could be due to either changes in Ca 2+ coupling to exocytosis or an abnormality in the distribution of presynaptic Ca 2+ channels. To address this issue, we examined the distribution of cacophony (Cac), the presynaptic N-type Ca 2+ channel at these synapses (Smith et al., 1996; Littleton and Ganetzky, 2000) . Ca 2+ channels are extremely sensitive to fixation. Therefore, we used a GFP-tagged Cac transgene (Cac-GFP) to visualize Ca 2+ channels in vivo. Previous studies have demonstrated that expression of this transgene faithfully replicates endogenous Cac distribution and function (Kawasaki et al., 2004) . Cac-GFP transgene was expressed in neurons using elav-Gal4, and samples were imaged live in a spinning disk confocal microscope. There were no statistically significant differences either in the size or intensity of Cac-GFP clusters between controls and dnrx mutants ( Figure S3 ), indicating that the defect in Ca 2+ sensitivity is most likely the result of changes in coupling rather than Ca 2+ channel distribution.
DISCUSSION
Although cell adhesion molecules have long been postulated and in several cases have been shown to be major participants in synapse development and plasticity, the impact of their function and the molecular mechanisms that they activate remain a puzzle. Particularly intriguing is the function of neurexins, which may provide clues to our understanding of synapse organization. We have isolated null mutants in the single Drosophila dnrx gene. We show that dnrx mutants have striking abnormalities in synapse development and function. A recent study reported that Drosophila neurexin is required for synapse formation in the adult CNS (Zeng et al., 2007 ). In the current study, we not only demonstrate a primary role of DNRX in regulating the formation of synapses, but also reveal the crucial role of DNRX in the proper development of active zones and regulating synaptic function in an intact organism, thus providing insights into understanding the function of neurexins in vivo.
Function of DNRX during Synapse Development
Our studies provide compelling evidence that DNRX plays a prime role during the expansion of the NMJ and, in particular, in defining the cytoarchitecture of the active zones within synaptic boutons. First, in dnrx mutants, synaptic bouton proliferation is severely disrupted, and therefore NMJ expansion is significantly stunted. Second, DNRX gain of function promotes the formation of new boutons in a gene-dosage-dependent manner. Third, the ultrastructural analyses show that PRDs are not apposed normally to PSDs displaying signs of abnormal adhesion to the PSD, although every PRD is exactly juxtaposed to the PSD. Fourth, in dnrx mutants, critical components of the presynaptic compartment, such as synaptic vesicle proteins and active zone components, are ectopically localized within axons. Fifth, the distribution of GluRs at the PSD is abnormally large, although this phenotype may arise as a consequence of the presynaptic defects observed in dnrx mutants (discussed below). The great majority of abnormal phenotypes in dnrx mutants could be completely rescued by expressing a wild-type dnrx transgene in neurons; although in some instances the rescue was partial. However, even in the later case, expressing dnrx in both muscles and neurons did not further improve the residual abnormalities, suggesting that dnrx functions primarily if not exclusively in the presynaptic compartment.
The partial rescue of some of the phenotypes, such as the defects in mEJPs and the morphology of active zones, might be due to the high sensitivity of these processes to the right levels and correct temporal expression of dnrx, which is not completely mimicked by the UAS/Gal4 system. This view is supported by the observation that overexpression of dnrx in a wild-type background also decreased quantal content, suggesting that increased dnrx dosage may have detrimental effects on synapse structure and/or function. However, the data strongly support that the abnormal phenotypes arise from the lack of dnrx. First, all our experiments were carried out in mutants over a deficiency chromosome in an independent genetic background. Second, a precise excision of the P element did not show any of the mutant phenotypes. Together these data establish a specific role for DNRX in proper synaptic development.
Role of DNRX in Active Zone Morphogenesis
One of our important findings is that dnrx mutants displayed defective active zones with larger PRD, and especially containing regions of detachment from the PSD. These detachment sites implicate DNRX as a mediator of cell adhesion between the pre-and the postsynaptic cell, in accordance with previous suggestions in mammalian neurons (Scheiffele et al., 2000; Graf et al., 2004; Dean et al., 2003) . While a complete detachment of active zones is not observed, dnrx mutants have a significant decrease in the number of boutons. This raises the possibility that the phenotypes we observe are from those boutons that are maintained and that a more drastic consequence is a failure to form synaptic boutons. Nevertheless, the lack of complete detachment of active zones in dnrx null mutants suggests that DNRX, although an important synapse-organization molecule, is not sufficient for trans-synaptic cell adhesion.
Another notable phenotype in dnrx mutants was the presence of enlarged PRDs and increased number of T bars. A major feature of Drosophila larval NMJ is its ability to compensate for decreased postsynaptic responses by upregulating neurotransmitter release. For instance, a decrease in the number of postsynaptic GluRs results in an increase in neurotransmitter release, thus maintaining the amplitude of evoked responses (Petersen et al., 1997) . It is plausible that the enlarged PRDs and increase in number of T bars in dnrx mutants are a compensatory mechanism to adjust for defective presynaptic cell adhesion and/or reduced neurotransmitter release (Murthy Stewart et al., 1996) . In support of this notion, in dnrx mutants there was a 50% decrease in synaptic bouton number, but this was accompanied by a 2-fold increase in the number of T bars, such that the total number of T bars/NMJ remained constant, despite the changes in bouton number. Similarly, defective presynaptic cell adhesion and/or reduced neurotransmitter release could lead to an increase in GluR accumulation (O'Brien et al., 1998) . In our studies, we found that the length of the PSD was enlarged in dnrx mutants as well as the distribution of GluR clusters.
Neuron
Functional Consequences of Altering DNRX Function
The above structural abnormalities were accompanied by corresponding functional deficits. In dnrx mutants, the frequency of mEJPs was strikingly increased. Further, although the T bars were rescued by expression of a dnrx transgene, the length of the PRDs was not, and a similar lack of rescue was observed for mEJP frequency. Thus, there appears to be a notable correlation between the size of the PRD and mEJP frequency, perhaps due to increased probability of synaptic vesicle release with increased synapse size. In addition, we also observed a substantial increase in mEJP amplitude. Two factors may contribute to this change. First, the distribution of GluR clusters was enlarged, while the GluR intensity remained unchanged, suggesting that more GluRs were accumulated at mutant synapses. An additional contributing factor is that mEJP frequency was increased, and we observed instances of summation. Overall, despite the increase in PRD size and the maintenance of overall T bar number, evoked events had a decrease in amplitude and quantal content. Recent studies have suggested that a major constituent of the T bars is BRP/CAST (Kittel et al., 2006; Wagh et al., 2006) . In brp mutants, T bars fail to form, but PRDs appear unaltered. Further, although EJP amplitude is decreased, mEJP amplitude and frequency are normal. This has led to the model that T bars per se are not required for synaptic transmission but that they regulate the efficiency of transmission. In dnrx mutants, PRDs are disproportionately large, which could result in asynchronous release, leading to an EJP with decreased amplitude. It is also possible that the presynaptic membrane detachments observed in dnrx mutants could contribute to the functional impairment of neurotransmitter release.
A recent study demonstrated that in dnrx mutant larvae associative learning is impaired in an olfactory choice paradigm (Zeng et al., 2007) . However, in this study, larval locomotion was not assessed. Our study showing that locomotor behavior is impaired in dnrx mutants raises the possibility that the poor performance of mutant larvae in the conditioning assay might also result from the locomotor abnormalities. Zeng et al. also reported that the number of T bars in the calyx of the mushroom bodies, the learning centers of the fly, was reduced in adult flies. In contrast, we found a significant increase in the number of T bar/bouton, and since dnrx mutants have fewer boutons, this translated in the maintenance of T bar number per NMJ. The differing results might be due to different mechanisms regulating T bar formation in the two tissues.
DNRX Function in Relation to Mammals
The presence of a neurexin in Drosophila strengthened the view that neurexins are highly conserved across species (Tabuchi and Sudhof, 2002) . The synaptic DNRX expression pattern and its function show remarkable parallels with mammalian neurexins. Moreover, the proteins that have been shown to interact with mammalian neurexins also have homologs in Drosophila, which further supports the idea that the function of neurexins and underlying signaling mechanism are evolutionarily conserved. Among these, Drosophila neuroligin and/or dystroglycan (Dg) (Deng et al., 2003) might be potential DNRX ligands. Drosophila neuroligin transcription exhibits almost an identical temporal and spatial expression pattern as dnrx during embryonic stages (unpublished data). dg is highly expressed in the somatic musculature of embryos (BDGP gene expression report). dg mutants are embryonic lethal, and perturbation of Dg function by RNAi as well as genetic interaction studies suggest an involvement of Dg in muscle maintenance and axonal pathfinding in adult flies (Shcherbata et al., 2007) . Future studies on the identification and characterization of DNRX binding partners in Drosophila should provide additional insights into the mechanisms by which neurexins function in synapse development and function.
Extensive cell culture studies of neurexins and neuroligins and functional studies using a-neurexin knockout mice have established a central role for neurexins as synaptic adhesive and organizing molecules. Our studies on DNRX provide evidence in an intact organism that neurexin is required for important aspects of synapse development and function. Our DNRX gain-of-function analysis reveals that overexpression of DNRX is sufficient to promote the formation of synaptic boutons in vivo, in agreement with the findings from cell culture studies suggesting that neurexin-neuroligin trans-synaptic complexes can induce pre-and postsynaptic differentiation and synapse formation (Graf et al., 2004; Scheiffele et al., 2000; Dean et al., 2003; Chih et al., 2005) . Moreover, the accumulations of synaptic vesicle and active zone proteins along axons of dnrx null mutants further support the notion that neurexins may recruit or organize synaptic proteins or organelles during presynaptic differentiation. Phenotypic analyses of a-neurexin knockout mice demonstrated that a-neurexin is essential for synaptic transmission in a process that depends on presynaptic voltage-dependent Ca 2+ channels (Missler et al., 2003; Zhang et al., 2005 (Geppert et al., 1994; Yoshihara and Littleton, 2002) during synaptic vesicle exocytosis, was partly mislocalized to axons in dnrx mutants. Furthermore, the structure of active zones was impaired in these mutants. Therefore, the organization of active zone proteins including the assembly of neurotransmitter release machinery might be affected in dnrx mutants.
In conclusion, our studies in Drosophila demonstrate that DNRX is required for both synapse development and function and, in particular, for proper formation of active zones. Our studies provide compelling evidence for an in vivo role of neurexins in the modulation of synaptic architecture and adhesive interactions between preand postsynaptic compartments.
EXPERIMENTAL PROCEDURES
Cloning of dnrx Full-Length cDNA A radio-labeled dnrx EST (LP03809) was used to screen a Drosophila 0-20 hr embryo cDNA library. Overlapping partial cDNA clones were isolated, sequenced, and compiled as a cDNA sequence of 5738 base pairs (GenBank accession number EF460788), which comprises an open reading frame of 5520 base pairs with 5 0 and 3 0 UTR.
In Situ Hybridization
A HindIII-SalI fragment of dnrx cDNA clone encoding the second LamG-EGF-LamG-domain repeat, and a PstI-NotI fragment encoding the last-LamG-domain-cytoplasmic-region were cloned into pBluescript vector. The two resulting clones were linearized. Antisense and sense RNA probes were synthesized by using T7 and T3 RNA polymerases, labeled with digoxigenin-UTP (Roche), and used for in situ hybridization following standard protocols.
Production of DNRX Antibody
A guinea pig polyclonal antibody against DNRX was generated against a recombinant protein containing the cytoplasmic region of DNRX fused with a His 6 tag at the N terminus. The sera were affinity purified using a recombinant protein containing the same cytoplasmic tail fused to glutathione S-transferase. The purified anti-DNRX antibody was used at a dilution of 1:500 for tissue staining and 1:1000 for western blot analysis.
Generation of dnrx Mutants XP d08766 (Thibault et al., 2004) , a P element inserted $200 bp upstream of dnrx, was used to carry out an excision screen. To increase the frequency of large deletions, the excision screen was carried out in mus309 background (Adams et al., 2003; McVey et al., 2004 UAS-dnrx transgenic flies were generated by cloning the entire dnrx full-length cDNA into pUASP vector for germ line transformation. Gal4 lines used for DNRX overexpression and rescue experiments were C380, which drives Gal4 expression mainly in motoneurons (Budnik et al., 1996) , and elav, which drives Gal4 expression in all neurons (Lin and Goodman, 1994) .
Larval Locomotor Assay
The larval locomotor assay was performed as described by Connolly and Tully (1998) . Individual larvae were placed in the center of a 145 mm diameter Petri dish, with 3% agar covering the bottom and a 0.5 3 0.5 cm square grid marked on the lid. The number of grid line crossings within a 30 s time window was recorded six times.
Immunohistochemistry, Confocal Microscopy, and Morphological Quantification Preparation and antibody staining for whole-mount embryos and dissected wandering third-instar larvae were performed as described by Bellen and Budnik (2000) . Fluorescence-conjugated anti-HRP (Jackson Immuno Labs) antibodies were used at 1:50. DNRX signal at the NMJ was detected by using the VECTASTAIN ABC system (Vector Laboratories) and Tyramide Signal Amplification (TSA, Invitrogen-Molecular Probes). Double staining of NMJ with anti-DNRX and a second primary antibody was performed as follows. Briefly, fixed larvae were washed in PBT (PBS containing 0.3% triton X-100) and blocked for 1 hr with 1% blocking reagent (TSA kit, Invitrogen-Molecular Probes). Blocked samples were incubated with anti-DNRX and a second primary antibody overnight at 4 C. After washes with PBT, the samples were incubated with biotinylated goat antiguinea pig antibody (1:400, Vector Laboratories) and a fluorescent secondary antibody. The incubation was followed by washes with PBT and 1 hr incubation in ABC reagent (1:250 in 2% BSA/PBT, diluted 30 min before use, Vector laboratories). Six subsequent washes with PBT and one with PBS were followed by tyramide labeling according to the manufacturer's instructions. Confocal images were acquired using a Bio-Rad Radiance 2000 confocal microscope with LaserSharp2000 software. Samples for each experiment were processed simultaneously and imaged using the same settings. For Cac-GFP live imaging, larvae were mounted on the slides and the images were acquired from live body wall muscle preparations with an Improvision spinning disc confocal microscope.
Quantification of bouton number was performed at muscles 6/7 and muscle 4 of abdominal segment 3. Total boutons at NMJ6/7 and type Ib boutons at NMJ4 were visualized by staining of body wall muscle preparations with anti-HRP. For quantification of axonal Syt accumulation, the length of SNb axon innervating muscles 12/13 or ISN axon and its primary branches innervating muscle 4 in abdominal segment 3 or 4 was measured; the number of Syt puncta along these axons was counted and further divided by the axon length. Statistical analyses were performed using InStat 3.00 (Graphpad).
Electron Microscopy
Body wall muscles were prepared for TEM as previously described (Torroja et al., 1999) . Synaptic boutons were serially sectioned and photographed at 10,000-50,0003 using a Philips CM10 TEM. For morphometric analysis, the cross-section corresponding to the bouton midline (cross-section of largest diameter) was identified, the negative scanned at 60,0003, and used for quantification using Image J as in Budnik et al. (1996) . The number of samples used were three wildtype controls (14 boutons), three dnrx/Df (11 boutons), and three rescue animals (15 boutons). For analysis of synapse length and synapse ruffles, sections other than the midline section were also considered for quantification, as long as pre-and postsynaptic densities as well as the synaptic cleft were clearly visualized, had consistent thickness, and lacked the blurry appearance of membranes cut at a tangential plane. Statistical analysis was performed using a two-tailed Student's t test.
Electrophysiology
Electrophysiology recordings were performed as in Ashley et al. (2005) . Briefly, third-instar larvae were dissected under cold 0.3 mM calcium HL-3 saline and then perfused continuously with 0.5 mM calcium HL-3 saline at 22 C. Muscle 6 in segment A3 was then impaled with a 15-20 MU glass electrodes. Only samples with resting membrane potentials between À60 mV and À63 mV were used for analysis. Data were collected using an Axoclamp2A (Molecular Devices), filtered at 1 kHz, and digitized with an Instrutech (Port Washington) ITC-16 computer interface using Pulse software (HEKA Electronik, Lambrecht/Pfalz). Spontaneous and evoked events were then measured using Mini Analysis software (Synaptosoft). Statistical analysis was performed using the Student's t test.
Quantification of GluR IIA Intensity NMJ staining of dnrx mutant and wild-type larvae with monoclonal anti-GluRIIA and FITC anti-HRP was performed in the same tube. Several regions of NMJ4 from three animals for each genotype were scanned by confocal microscope. Confocal stacks were acquired using the same settings that prevented pixel saturation with 0.25 mm steps through entire synaptic boutons. Images were processed using Volocity 4.1 (Improvision). Total volumes of synaptic boutons outlined by HRP staining and the fluorescence of GluRIIA staining were calculated. Total GluRIIA fluorescence divided by total volumes of boutons represented GluR intensity.
Supplemental Data
The Supplemental Data for this article can be found online at http:// www.neuron.org/cgi/content/full/55/5/741/DC1/. 
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